Pancreatic ductal adenocarcinoma (PDAC) is a highly immune-suppressive tumor with a low response rate to single checkpoint blockade therapy. ETS homologous factor (EHF) is a tumor suppressor in PDAC. Here, we report a novel function of EHF in pancreatic cancer immune microenvironment editing and efficacy prediction for anti-PD1 therapy. Our findings support that the deficiency of tumoral EHF induced the accumulation of regulatory T (T reg) cells and myeloid-derived suppressor cells (MDSCs) and a decrease in the number of tumor-infiltrating CD8 + T cells. Mechanistically, EHF deficiency induced the conversion and expansion of T reg cells and MDSCs through inhibiting tumor TGFβ1 and GM-CSF secretion. EHF suppressed the transcription of TGFB1 and CSF2 by directly binding to their promoters. Mice bearing EHF overexpression tumors exhibited significantly better response to anti-PD1 therapy than those with control tumors. Our findings delineate the immunosuppressive mechanism of EHF deficiency in PDAC and highlight that EHF overexpression may improve PDAC checkpoint immunotherapy.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal tumor. Despite recent advances in combination chemotherapy regimens, the prognosis remains poor (Siegel et al., 2018; Teng et al., 2018) . Checkpoint blockade is a pillar of cancer therapy for several tumor types including melanoma, lung cancer, renal cancer, and bladder cancer; however, its efficacy in PDAC remains poor when used as a single agent (Iorio et al., 2018; Michl and Krug, 2018) .
Current research to date has identified that the efficacy of a single PD1/PD-L1 blockade may be limited due to tumor cellextrinsic factors, including poor CD8 + T cell infiltration, accumulation of regulatory T (T reg) cells and myeloid-derived suppressor cells (MDSCs), and the up-regulation of other inhibitory immune checkpoints (Teng et al., 2015; Beatty et al., 2017) . Increasing evidence suggests that PDAC secretes a series of immune-modulating factors, which induce an immunesuppressive microenvironment composed of T reg cells, MDSCs, and tumor-associated macrophages (TAMs). These factors result in an immunosuppressive environment resistant to PD1/PD-L1 blockade therapy (Bayne et al., 2012; Cox and Olive, 2012; Stromnes et al., 2014; Farren et al., 2016; Park et al., 2016; Principe et al., 2016; Kenkel et al., 2017; Lin and Lin, 2017; Pergamo and Miller, 2017; Pickup et al., 2017; Piro et al., 2017; Seo and Pillarisetty, 2017; Zhang et al., 2017) . However, some advances still have been achieved in anti-PD1/PD-L1 treatment (Patnaik et al., 2015; Le et al., 2016; Feng et al., 2017) . Careful assessment of the patient's tumor immune microenvironment is critical to identify the suitable immunotherapeutic option. The identification of a molecular index predictive for immunotherapy efficacies will greatly help in the selection of tumor immunotherapy for patients.
EHF (ETS [E26 transformation-specific] homologous factor/ epithelium-specific ETS factor family member 3 [ESE3]) is a member of the ETS superfamily. EHF was reported to be highly expressed in normal human pancreas and prostate tissues (Feldman et al., 2003) . In prostate cancer, the expression of EHF was lower than in normal tissue; moreover, EHF loss leads to mesenchymal and stem-like features (Albino et al., 2012 (Albino et al., , 2016a Longoni et al., 2013) . Our previous investigation identified that EHF inhibits PDAC epithelial-mesenchymal transition and metastasis by transcriptionally up-regulating E-cadherin . However, the function of tumoral EHF in tumor immune modulation has never been studied. Here, we report a novel function of EHF in tumor immune microenvironment editing. Our results indicate that EHF expression level could be used as a predictor for the efficacy of anti-PD1 therapy.
Results
The association between tumoral EHF expression and immune profiles in human PDAC tissue We noticed that EHF overexpression in PANC02 cells significantly inhibited tumor growth in syngeneic C57BL/6 mice, but not in immune-deficient BALB/c nude mice (Fig. S1 ). We hypothesized that the differential effects on tumor growth in the two models might be due to effects of EHF on tumoral immune microenvironment. To examine these effects, we investigated the correlation between tumoral EHF and the infiltration of T reg cells, MDSCs, and CD8 + T cells in archived tissues from a retrospective cohort of 96 consecutive PDAC patients. For the retrospective cohort, tissue immunofluorescence (IF) of FOXP3/ CD33/CD8, EHF, and DAPI were performed in three sets of tissues ( Fig. 1, A-C) . The average counts of tumor-infiltrating T reg cells, MDSCs, and CD8 + T cells per high-power field (HPF; 200×) were 19.97 ± 9.0 (range, 0-52), 12.49 ± 6.07 (range, 0-32), and 17.92 ± 17.14 (range, 0-100). Our results indicated that high T reg infiltration and MDSC infiltration significantly correlated with decreased overall survival (OS; P = 0.028 and 0.024, for T reg cells and MDSCs, respectively) and relapse-free survival (RFS; P = 0.016 for MDSCs). On the other hand, high CD8 + T cells correlated with increased OS (P = 0.039; Table 1 and Fig. S2 , A-C).
To examine the correlation between EHF and immune cell infiltrations, PDAC samples were divided into two groups (high EHF and low EHF) according to EHF-positive cell count/HPF. The count of EHF-positive points per field ranged from 0 to 251, mean ± SD 50.89 ± 65.04. EHF-positive cells/HPF >50.89 was considered the high-EHF group; EHF-positive cells/HPF <50.89 was considered the low-EHF group. The frequencies of T reg cells ( Fig. 1 A) and MDSCs ( Fig. 1 B) in the high-EHF group were significantly decreased compared with the low-EHF group (T reg count/HPF: low-EHF group, 22.33 ± 8.46; high-EHF group, 13.81 ± 7.43, P < 0.001; MDSC count/HPF: low-EHF group, 13.84 ± 5.75; high-EHF group, 9.04 ± 5.56, P < 0.001). Moreover, higher numbers of CD8 + tumor-infiltrating lymphocytes (TILs) were observed in the high-EHF group 13.14 ± 11.69; 30.11 ± 22.39 , P < 0.001; Fig. 1 C) . The median OS for the low-EHF group was 14.53 mo, which was significantly shorter than that in the high-EHF group (45.00 mo, P < 0.001; Fig. 1 D) . The median RFS in the low-EHF group was also significantly lower (low-EHF group, 8.00 mo; high-EHF group, 17.03 mo, P < 0.001; Fig. 1 E) . χ 2 analysis between EHF and clinicopathological factors in PDAC demonstrated that high EHF expression was significantly correlated with lower histological grade (r = −0.258, P = 0.012), lower pathological tumor node metastasis (pTNM) stage (r = −0.210, P = 0.04), decreased accumulation of T reg cells (r = −0.314, P = 0.002) and MDSCs (r = −0.228, P = 0.025), and an increased infiltration of CD8 + T cells (r = 0.377, P < 0.001; Table 2 ). Univariate and multivariate analysis identified EHF (high/low) and pTNM as independent prognostic factors of PDAC patients (Table 1) .
EHF intensity was also evaluated by software ( Fig. S1 D) . Cases were divided into low-EHF and high-EHF groups using the mean values as the cutoff. Statistical analyses are shown in Fig.  S2 (E-H) and Tables S1 and S2. EHF scores evaluated by software correlated well with those evaluated by pathologists (Spearman r = 0.919, P < 0.001; Fig. S2 I) .
Immunohistochemical (IHC) staining of FOXP3, CD33, CD8, and EHF in four consecutive sets (96 cases) of human PDAC tissues were also performed. The results based on IHC assay were consistent with the IF findings ( Fig. S2 , J-L; and Tables S3  and S4 ). EHF IF score correlated well with EHF IHC score (r = 0.872, P < 0.001; Fig. S2 M) .
To further confirm the effects of EHF on tumor immune cell infiltrations, a second cohort of 45 cases of fresh PDAC tissues were collected prospectively and cut into two parts. One part was used to quantify the proportions of CD8 + T cells (CD8 + ), T reg cells (CD4 + , CD25 + , and FOXP3 + ), and MDSCs (HLA-DR − , CD33 + , and CD11b + ) using flow cytometry; the other part was prepared to detect EHF expression by IHC ( Fig. 1 F) . As shown in Fig. 1 (G-I), tumoral EHF score (0-9) negatively correlated with the proportion of tumor-infiltrating T reg cells (r = −0.597, P < 0.001) and MDSCs (r = −0.529, P < 0.001) and positively correlated with the percentage of tumor-infiltrating CD8 + T cells (r = 0.570, P < 0.001) in the prospective cohort, confirming our findings from the archived PDAC tissues. Taken together, our data imply a role for EHF in immune editing of the PDAC microenvironment.
Tumoral EHF reduces MDSCs, T reg cells, and PD1 + Tim3 + CD8 + T cells while restoring IFNγ + CD8 + T cells in vivo
To determine whether EHF plays a causal role in tumor infiltration by immune cells, murine PANC02-vector and PANC02-EHF were subcutaneously implanted into immunocompetent C57BL/6 mice ( Fig. S3 A) . The mice were sacrificed when tumor volumes reached 1,500 mm 3 (Fig. 2 A) . Tumor-infiltrating immune cell content was analyzed by flow cytometry.
The proportions of CD45 + cells in PANC02-vector and PANC02-EHF tumors were comparable (P = 0.85; Fig. S3 B) . The relative frequencies of T reg cells, MDSCs, TAMs, and CD8 + T cells in CD45 + leukocytes were evaluated. A notable decrease in T reg cells (vector, 2.02 ± 0.41%; EHF, 0.91 ± 0.18%, P < 0.0001) and MDSCs (vector, 40.3 ± 8.6%; EHF, 27.27 ± 5.17%, P = 0.0035) and an increased infiltration of CD8 + T cells (vector, 4.04 ± 0.75%; EHF, 7.62 ± 0.81%, P < 0.0001; Fig. 2 , B and C) were observed in PANC02-EHF tumors. There was no significant difference in the percentage of TAMs (P = 0.16; Fig. S3 C) . PANC02-EHF tumor tissues exhibited decrease in CD8 + T cell apoptosis rates (vector, 26.5 ± 6.47%; EHF, 15.29 ± 3.56%, P = 0.0017), higher percentages of IFNγ + CD8 + T cells (vector, 0.88 ± 0.33%; EHF, 2.76 ± 0.64%, P < 0.0001), and lower percentages of PD1 + Tim3 + CD8 + T cells (vector, 8.25 ± 2.11%; EHF, 2.33 ± 0.95%, P < 0.0001) than those from PANC02-vector control (Fig. 2, D and E) . Moreover, CD8 + T cells from PANC02-EHF tumors displayed decreased proportions of PD1 hi CD8 + T cells (vector, 8.25 ± 2.11%; EHF, 2.33 ± 0.95%, P = 0.0004), which were hyperexhausted and could not be reversed by anti-PD1 therapy (Fig.  S3 , D-F), and increased proportions of PD1 int CD8 + T cells (vector, 26.96 ± 3.24%; EHF, 45.86 ± 8.44%, P = 0.0001), which were responsive to anti-PD1 therapy (Fig. S3 , D-F), compared with PANC02-vector tumors (Fig. 2, F and G) . The difference in total PD1 + CD8 + T cell (PD1 hi CD8 + T cells plus PD1 int CD8 + T cells) percentages between the two groups was not significant (Fig. 2, F and G) .
Results from an additional mouse model using KPC-vector and KPC-EHF cell lines are shown in Fig. S3 (G-R). Tumor volumes were significantly lower in the KPC-EHF group. Mice in the KPC-EHF group survived significantly longer than those in the KPC-vector group. A notable decrease in T reg cells and MDSCs and an increased infiltration of CD8 + T cells were observed in KPC-EHF tumors. KPC-EHF tumor tissues exhibited decreased CD8 + T cell apoptosis rates, higher percentages of IFNγ + CD8 + T cells, and lower percentages of exhausted CD8 + T cells than those from KPC-vector tumor tissues, confirming our results from PANC02 models.
Tumoral EHF deficiency induced T reg cell conversion, expansion, and function in vitro
To determine whether tumoral EHF expression regulated the generation of T reg cells, coculture experiments with and without transwell chambers were performed with immune cells and four human pancreatic cancer cell lines. Results for PANC-1vector/PANC-1-EHF and BxPC-3-scramble/BxPC-3-EHF-KD are shown in Fig. 3 (A-C). Results for AsPC-1-vector/AsPC-1-EHF and CFPAC-1-scramble/CFPAC-1-EHF-KD are shown in Fig. S4 (A-C).
For in vitro T reg cell conversion, isolated human CD4 + CD25 − T cells were cocultured with PDAC-vector or PDAC-EHF/PDAC-EHF-KD cells using transwell chambers. 3 d later, CD25 and Foxp3 expression by CD4 + T cells was determined by flow , and CD8 + T cells (C) in tumor tissues. An example from the 96 cases is shown. The arrows indicated tumor-infiltrating Foxp3 + T reg cells, CD33 + myeloid cells, and CD8 + T cells. Bars, 200 µm. Nonpaired Student's t test was used as statistical analysis; n = 96, ***, P < 0.001. (D and E) Kaplan-Meier OS (D) and RFS (E) for different levels of EHF based on the log-rank statistic test (P < 0.001). (F-I) Single-cell suspensions were prepared from 45 cases of fresh PDAC tissues and stained with specific antibodies against human T reg cells (CD4 + , CD25 + , and FOXP3 + ), MDSCs (HLA-DR − , CD33 + , and CD11b + ), and CD8 + T cells (CD8 + ). Representative IHC staining of EHF is shown. Bars, 200 µm. Representative dot plots or histograms of T reg cells (gated on CD4 + T cells; G, left), MDSCs (gated on HLA-DR − cells; H, left), and CD8 + T cells (I, left) . Spearman correlation analyses between EHF IHC score and the proportions of tumor-infiltrating T reg cells (G, right), MDSCs (H, right), and CD8 + T cells (I, right); n = 45.
cytometry. As shown in Fig. 3 A, tumor EHF overexpression strongly inhibited the conversion of CD4 + CD25 − T cells to T reg cells (PANC-1-vector, 13.76 ± 2.30%; PANC-1-EHF, 6.43 ± 1.39%, P = 0.0012). Conversely, tumor EHF knockdown significantly enhanced T reg cell conversion (BxPC-3-scramble, 9.89 ± 1.07%; BxPC-3-EHF-KD, 16.36 ± 1.61%, P = 0.0002).
For T reg cell proliferation, isolated CD4 + CD25 + CD127 dim T reg cells were cocultured with different tumor cells using transwell chambers. CFSE assays showed that tumoral EHF overexpression strongly inhibited T reg cell proliferation (PANC-1-vector, 32.74 ± 6.56%; PANC-1-EHF, 15.04 ± 1.86%, P = 0.0064), whereas tumoral EHF knockdown significantly increased T reg cell proliferation (BxPC-3-scramble, 16.44 ± 0.76%; BxPC-3-EHF-KD, 41.76 ± 4.13%, P = 0.0001; Fig. 3 B) . Direct contact coculture studies obtained similar results as the indirect contact coculture (data not shown).
T reg cell-suppression assays were conducted to determine T reg cell function. The proliferation of targeted CD8 + T cells was measured by CFSE dilution after 5 d of coculture with educated T reg cells. T reg cells induced by EHF-low tumors had greater immune-suppressive effects than cells induced by EHF-high tumor (PANC-1-vector, 25.42 ± 3.39%; PANC-1-EHF, 34.90 ± 2.44%, P = 0.014; BxPC-3-scramble, 25.30 ± 1.56%; BxPC-3-EHF-KD, 14.9 ± 2.09%, P = 0.0018; Fig. 3 C) .
Tumoral EHF deficiency induced MDSCs conversion, expansion, and function in vitro
To determine whether tumoral EHF expression regulated the generation of MDSCs, coculture experiments with and without transwell chambers were performed using immune cells and pancreatic cancer cell lines. Results for PANC-1-vector/PANC-1-EHF, BxPC-3-scramble/BxPC-3-EHF-KD, and PANC02-vector/ PANC02-EHF are shown in Fig. 3 For MDSC conversion analysis, human peripheral blood mononuclear cells (PBMCs) were cocultured with PDAC at 5:1 using the transwell system. After 6 d of coculture, cells in the lower chamber were collected and stained for markers consistent with the MDSC phenotype. PDACs promoted the differentiation of PBMCs to HLA-DR − CD11b + CD33 + cells. As shown in Fig. 3 D, MDSC conversion was partially reversed when EHF was overexpressed (PANC-1-vector, 38.18 ± 3.44%; PANC-1-EHF, 13.73 ± 5.52%, P = 0.0003). By contrast, PDACs with EHF knockdown significantly increased the proportion of MDSC conversion (BxPC-3-scramble, 24.73 ± 6.13%; BxPC-3-EHF-KD, 42.23 ± 5.37%, P = 0.0086). Bone marrow-derived cells (BMDCs) from C57BL/6 mice were isolated and cocultured with PANC02-EHF or PANC02-vector cells. 6 d later, MDSC proportion was determined. PANC02-vector cells induced a significantly larger proportion of MDSCs than PANC02-EHF cells (PANC02-vector, 60.68 ± 4.50%; PANC02-EHF, 38.88 ± 7.10%, P = 0.0095; Fig. 3 E) .
For MDSC expansion, CFSE-labeled purified murine MDSCs were cocultured with PANC02-vector or PANC02-EHF using transwell chambers. CFSE assay showed that tumoral EHF overexpression strongly inhibited MDSC expansion (PANC02vector, 71.87 ± 6.45%; PANC02-EHF, 28.32 ± 5.24%, P = 0.0002; Fig. 3 F) . Direct contact coculture studies yielded similar results as the indirect contact coculture (data not shown).
MDSC-suppression assays were conducted by coculturing with CFSE-labeled CD8 + T cells. MDSCs induced by PANC02-vector cells had greater immune-suppressive effects toward CD8 + T cell proliferation than cells induced by PANC02-EHF cells (CD8 + T divided %: PANC02-vector, 16.60 ± 2.36%; PANC02-EHF, 31.68 ± 0.36%, P = 0.0028; Fig. 3 G) .
EHF loss is associated with overexpression of the potent immune-suppressive factors TGFβ1 and GM-CSF As the differences in immune cell education between PDACsvector/PDACs-scramble and PDACs-EHF/PDACs-EHF-KD cells were not dependent on cell-cell contact, we focused on changes in the secretory proteins that can induce T reg cell and MDSC accumulation. The changes in VEGFA, CSF1, CSF2 (GM-CSF), CSF3, COX2, TGFB1 (TGFβ1), CCL2, CCL5, CXCL8, and IDO1 mRNA levels were analyzed using quantitative PCR (qPCR) in PANC-1-vector and PANC-1-EHF cell lines. Among them, TGFβ1 and GM-CSF were the most significantly down-regulated cytokines ( Fig. 4 A) . The TGFB1 (TGFβ1) and CSF2 (GM-CSF) mRNAs were negatively regulated by EHF, which was further confirmed in three other cell lines ( Fig. 4 B) . Western blot and ELISA demonstrated that TGFβ1 and GM-CSF were decreased in the EHF-overexpressing cell lines and increased in the EHF-knockdown cell lines (Fig. 4, C and D) . The down-regulation of TGFβ1 and GM-CSF by EHF was also confirmed using mouse subcutaneous tumor tissues ( Fig. 4 E) . In addition, EHF expression negatively correlated with TGFβ1 and GM-CSF in consecutive PDAC tumor tissues (EHF, TGFβ1: r = −0.438, P < 0.001; EHF, GM-CSF: r = −0.433, P < 0.001; Fig. 4 G) .
EHF transcriptionally represses TGFβ1 and GM-CSF
Since EHF is a transcription factor, we surveyed the TGFβ1 (TGFB1) and GM-CSF (CSF2) gene promoter regions for potential EHF binding sites (EBSs; Fig. 5 A) . Computational analysis showed two high-confidence EBSs corresponding to the promoter regions of TGFB1 and CSF2 in the JASPAR database (Fig. 5 , B and C; Khan et al., 2018) . To evaluate whether EHF directly binds to the promoters of TGFB1 and CSF2, a chromatin immunoprecipitation (ChIP) assay was performed using the PANC-1 cell line. In chromatin fractions pulled down by the anti-EHF antibody, we detected EBS1 and EBS2 in both the TGFB1 promoter ( Fig. 5 D) and the CSF2 promoter ( Fig. 5 F) by PCR, indicating the binding of EHF to the promoter of these two genes.
To further determine whether binding of EHF to the TGFB1/CSF2 promoter suppressed gene transcription, we constructed four TGFB1 and four CSF2 luciferase promoter vectors: pGL3-TGFB1/CSF2-EBS-WT, pGL3-TGFB1/CSF2-EBS1-mutation, pGL3-TGFB1/CSF2-EBS2-mutation, and pGL3-TGFB1/CSF2-EBS1+ 2-mutation (Table S4 ). Then, we transfected them with or without an EHF expression vector (pCDH-EHF) into HEK293 and PANC-1 cells. pGL3-empty vector was used as the control. Luciferase analysis demonstrated that EHF overexpression significantly decreased TGFB1 promoter activity at the WT promoter vector (P < 0.01) and pGL3-TGFB1-EBS2-mutation in HEK293 and PANC-1 cells (P < 0.01) but not in pGL3-TGFB1-EBS1-mutation and pGL3-TGFB1-EBS1+2-mutation ( Fig. 5 E) . EHF overexpression significantly decreased CSF2 promoter activity at the WT promoter vector (P < 0.01), pGL3-CSF2-EBS1-mutation (P < 0.05), and pGL3-CSF2-EBS2-mutation (P < 0.01) but not at the pGL3-CSF2-EBS1+2-mutation in HEK293 and PANC-1 cells ( Fig. 5 G) . Collectively, these data indicated that EHF directly suppressed TGFB1 (mainly through EBS1) and CSF2 (mainly through both EBS1 and EBS2) transcription in PDAC by binding to their promoters.
Tumor EHF deficiency induces immune suppression through TGFβ1 and GM-CSF
We then evaluated whether EHF deficiency induced immune suppression through TGFβ1 and GM-CSF. In vivo and in vitro experiments were performed using TGFβ1 neutralization, GM-CSF neutralization, and combined GM-CSF and TGFβ1 neutralization.
Human CD4 + CD25 − T cells were cultured in the T reg cellinduction system; purified CFSE-labeled T reg cells were cultured in the T reg cell proliferation model as previously described. No significant differences were observed in T reg cell induction rate (PANC1-vector+blockage, 2.53 ± 0.75%; PANC1-EHF+blockage, 2.43 ± 0.97%, P = 0.58; Fig. 6 A, left) and T reg divided proportion (PANC1-vector+blockage, 11.24 ± 1.68%; PANC1-EHF+blockage, 12.08 ± 2.42%, P = 0.59; Fig. 6 A, right) between PANC1-vector and PANC1-EHF cells after TGFβ1 neutralization. Similarly, when mouse BMDCs were cocultured with tumor cells in the MDSC induction model, mouse isolated MDSCs were cocultured with tumor cells in the MDSC expansion model. No significant differences were observed in MDSC conversion rate (PANC02-vector+blockage, 21.76 ± 3.04%; PANC02-EHF+blockage, 23.1 ± 2.19%, P = 0.12; Fig. 6 B, left) and MDSC divided proportion (PANC02-vector+blockage, 21.28 ± 3.50%; PANC02-EHF+blockage, 23.44 ± 5.56%, P = 0.52; Fig. 6 B, right) between PANC02-vector and PANC02-EHF group after GM-CSF neutralization.
To determine whether EHF modulated the immune microenvironment through TGFβ1 and GM-CSF in vivo, mouse models for TGFβ1 and GM-CSF neutralization within the local tumor microenvironment were established as shown in Fig. 6 C. On the 28th day after tumor cells were implanted, all mice were sacrificed for tumor harvesting and flow cytometry. No significant differences were observed in the proportion of tumor-infiltrating T reg cells (PANC02-vector+blockage, 0.60 ± 0.095%; PANC02-EHF+blockage, 0.59 ± 5.560.19%, P = 0.82; Fig. 6 D) and MDSCs (PANC02-vector+blockage, 11.83 ± 2.30%; PANC02-EHF+blockage, 10.22 ± 1.72%, P = 0.16; Fig. 6 E) after TGFβ1 plus GM-CSF neutralization.
Furthermore, T reg cell/MDSC conversion and expansion blocking experiments were conducted using cell lines with genetic knockdown of TGF-B1 and CSF2 in vitro ( Fig. S5 ). In vivo blocking experiments were conducted using murine PANC02vector and PANC02-EHF cell lines that genetically knock down both TGF-B1 and CSF2. Related scramble cell lines were used as control. The consequences of EHF loss on the tumor microenvironment can be reversed by genetically knocking down TGF-B1 and CSF2 (Fig. S5 ). Taken together, our data support that EHF loss in PDAC relieves the transcriptional suppression of TGFβ1 and GM-CSF, which in turn promotes the conversion and expansion of T reg cells and MDSCs, respectively ( Fig. 6 F) .
EHF-low tumors benefit from T reg cell and MDSC depletion therapy
An in vivo study was conducted to evaluate the treatment efficacy of T reg cell and MDSC depletion in PANC02-vector and PANC02-EHF tumors ( Fig. 7 A) . Tumor growth was significantly reduced following T reg cell and MDSC depletion in PANC02vector tumors (P = 0.001; Fig. 7 , B and C). When the tumors were harvested, tumor volumes of the PANC02-vector-control group and PANC02-vector-depletion group were 2,774.00 ± 374.17 and 1,533.32 ± 541.75 mm 3 (P < 0.001), respectively. No significant difference was observed in the tumor volume between the PANC02-vector-depletion group and the PANC02-EHF-control group (P = 0.197). Moreover, the efficacy of T reg cell and MDSC depletion was not significant in PANC02-EHF tumor (P = 0.738; Fig. 7 , B and C). With T reg cell and MDSC depletion, the proportions of CD8 + T cells (Fig. 7 , D and E), CD8 + IFNγ + T cells determine the MDSC marker expression by flow cytometry. Representative plots show the surface CD11b + and CD33 + costaining of MDSCs. HLA-DR − cells were gated (left). The frequency of CD11b + CD33 + cells among HLA-DR − cells was quantified in the bar graph (right). (E) Mouse BMDCs were cultured in vitro under different conditions (negative control: RPMI 1640; positive control: IL6 and GM-CSF; experimental group: PANC02-EHF and PANC02-vector) and analyzed on day 6 to determine the MDSC marker expression by flow cytometry. Representative plots show the surface CD45 + CD11b + Gr-1 + costaining of MDSCs (left). The frequencies of CD11b + Gr-1 + cells among CD45 + cells were quantified in the bar graph (right). (F) Representative histogram of MDSC expansion. IL-6 and GM-CSF were used as positive controls. Flow cytometry was performed after 3 d of coculture by gating on live cells to determine the percentage of MDSCs that diluted CFSE (left). Statistical analysis of the percentage of MDSCs division (right). (G) MDSCs induced by PANC02-vector or PANC02-EHF cells were isolated to evaluate their suppressive activities in vitro. Histograms were gated on CFSE + cells to determine the percentage of CD8 + T cells that diluted CFSE (left). The percentage of division of responder T cells is summarized and quantified in the bar graph (right). The coculture experiments (A-G) were repeated five times independently. Representative data are shown. Data are presented as mean ± SD. Paired Student's t test was used for statistical analysis. *, P < 0.05; **, P < 0.01; ***, P < 0.001. . Experiments were repeated three times independently. Representative data are shown. (F) Representative IHC images of EHF, TGFβ1, and GM-CSF expression using human PDAC tissue (n = 96). Bars, 100 µm. (G) Spearman rank correlation analysis was used to evaluate the correlation of tumor-specific EHF and TGFβ1/GM-CSF expression (n = 96). The number at the right side of the plots represents the case number; plots without number at the right side represent only one case. All experimental data verified in three independent experiments. Data are presented as mean ± SD. (Fig. 7, F and G) , and PD1 int CD8 + T cells (Fig. 7 , J and L) were significantly increased, and the proportions of apoptotic CD8 + T cells (Fig. 7 , H and I) and PD1 hi CD8 + T cells (Fig. 7 , J and M) were significantly decreased in the PANC02-vector tumor (P < 0.001). The percentage of total PD1 + CD8 + T cells (PD1 hi CD8 + T cells plus PD1 int CD8 + T cells; Fig. 7 , J and K) was unchanged after depletion. However, in PANC02-EHF tumor, no significant differences were observed in the percentage of CD8 + IFNγ + T cells (Fig. 7 , H and I), PD1 int CD8 + T cells (Fig. 7 , J and L), PD1 hi CD8 + T cells (Fig. 7 , J and M), total PD1 + CD8 + T cells (Fig. 7 , J and K), or apoptotic CD8 + T cells (Fig. 7 , F and G) after T reg cell and MDSC depletion. No significant difference was observed between the PANC02-EHF-control and PANC02-vector depletion. Elevated tumoral EHF could achieve an effect similar to T reg cell and MDSC depletion therapy.
Potential role for EHF as a marker for single anti-PD1 therapy As tumors with high EHF expression exhibit relatively high infiltration by CD8 + T cells and decreased accumulation of T reg cells and MDSCs, we used a subcutaneous (Fig. 8 , A-C) and orthotopic ( Fig. 8 , D-G) mouse tumor model to compare the efficacy of anti-PD1 therapy in PANC02-vector and PANC02-EHF tumors.
In the subcutaneous C57BL/6 tumor mouse model, the tumor's growth was significantly inhibited by anti-PD1 therapy in PANC02-EHF tumor (P = 0.017; Fig. 8 B) . When tumors were harvested, the tumor volumes of PANC02-EHF-control and PANC02-EHF-anti-PD1 were 1,457.39 ± 617.21 and 554.64 ± 129.94 (P = 0.0021). However, no significant difference in tumor volume was observed between PANC02-vector-control and PANC02-vector-anti-PD1 (P = 0.784; Fig. 8, B and C) .
In the orthotopic C57BL/6 tumor mouse model, tumors were randomly divided into treatment and control groups on the day 7 after inoculation. After receiving anti-PD1 treatment or the isotype control six times, tumor growth was significantly inhibited by anti-PD1 therapy in the PANC02-EHF group. The bioluminescent imaging (BLI) on day 21 normalized to day 7 was 3.76 ± 1.87 in the PANC02-EHF-anti-PD1 group, which was significantly lower than in the PANC02-EHF-control group (8.66 ± 3.29, P = 0.013). The normalized BLI was not significantly different in the PANC02-vector-control group (12.56 ± 2.72) and the PANC02-vector-anti-PD1 group 10.72 ± 3.73 (P = 0.25; Fig. 8 , E and F). In the orthotopic tumor model, the mice in the PANC02-EHF anti-PD1 group survived significantly longer than those in the PANC02-EHF-control group (P = 0.003). However, no improvement in survival was observed in PANC02-vector tumor after receiving anti-PD1 treatment (Fig. 8, G and H) . Our data indicate that restoration of EHF expression in PDAC may sensitize these tumors to anti-PD1 treatment, and that EHF expression levels in PDAC could be an indicator for anti-PD1 therapy efficacy.
Discussion
Antibodies targeting the PD1/PD-L1 axis have been proven to be an effective immuno-oncology strategy (Foley et al., 2016; Steuer and Ramalingam, 2018) ; however, its efficacy in PDAC remains uncertain (Feng et al., 2017) . The main reason for the resistance The HEK293 (left) and PANC-1 cells (right) were transfected with either vector control or pCDH-EHF in conjunction with the luciferase reporter pGL3-empty vector, WT pGL3-TGFB1/CSF2-promoter, or pGL3-TGFB1/ CSF2-promoter with EBS1 mutation (EBS1-mut), EBS2 mutation (EBS2-mut), or EBS1+2 mutation (EBS1+2-mut) vector. Results are expressed as fold induction relative to that of the corresponding cells transfected with the control vector after normalization of firefly luciferase activity according to Renilla luciferase activity. Experiments were repeated three times independently. Data are presented as mean ± SD. Paired Student's t test was used for statistical analysis. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s. not significant.
of anti-PD1/PD-L1 therapy includes tumor cell-intrinsic and -extrinsic factors (Foley et al., 2016; Feng et al., 2017; Sakellariou-Thompson et al., 2017) . Tumor cell-intrinsic factors include the activation of the MAPK and WNT/β-catenin signaling pathways, the loss of PTEN, IFNγ signaling pathways, and tumor mutation burden. Tumor cell-extrinsic mechanisms include hyperinfiltration of T reg cells, MDSCs, and T cells with high expression of inhibitory immune checkpoint molecules, such as mucin-domain containing protein 3 (TIM-3), lymphocyte activation gene 3 (LAG-3), and V-domain Ig suppressor of T cell activation (VISTA; Johnston et al., 2015; Maleki Vareki et al., 2017; Taylor et al., 2017; Steuer and Ramalingam, 2018) .
PDAC was characterized by prominent stroma with abundant immunosuppressive cells, including T reg cells, MDSCs, and TAMs, and low numbers of tumor-infiltrating CD8 + T cells, all of which correlated with compromised immune surveillance, poor prognosis, and low response to single anti-PD1/PD-L1 treatment (Sideras et al., 2014; Chang et al., 2016; Melstrom et al., 2017) . Patients who did not benefit from the single regimen may benefit from combined therapy of anti-PD1/PD-L1 treatment and radiotherapy , MDSC depletion (Steele et al., 2016) , T reg cell depletion (Taylor et al., 2017) , TAM depletion (Borgoni et al., 2017) , anti-BAG3 (Iorio et al., 2018) , and anti-CD4 (Ueha et al., 2015) . To identify a predictive marker for responders to anti-PD1/PD-L1 therapy or combined immunotherapy in preclinical studies, the precise selection of the immunotherapy strategy is crucial (Steuer and Ramalingam, 2018; Teng et al., 2018) .
EHF is a member of the highly diverse ETS superfamily, consisting of both transcription activators and repressors that mediate growth factor signaling and regulate gene expression (Fossum et al., 2017) . Previous studies have demonstrated that EHF inhibits tumor invasion, metastasis, and mesenchymal phenotype (Albino et al., 2012 (Albino et al., , 2016a Dallavalle et al., 2016; Zhao et al., 2017) . Our group first demonstrated EHF as a tumorsuppressing transcription factor that directly inhibits PDAC metastasis by up-regulating E-cadherin. In addition, our current research further identified EHF deficiency as the primary molecular event that induced T reg cell and MDSC accumulation and caused a decrease in CD8 + T cell infiltration.
In the C57BL/6 tumor model, the PDAC-EHF group (PANC02-EHF group/KPC-EHF group) has decreased numbers of tumorinfiltrating T reg cells and MDSCs and an increased number of functional CD8 + T cells. Results from mouse models were consistent with the observations of paraffin sections from tumor tissues from a 96-case retrospective cohort and fresh tissues collected from a 45-case prospective cohort. In vitro coculture studies and in vivo experiments verified that tumoral EHF Percentage of PD1 + CD8 + T cells, PD1 int CD8 + T cells, and PD1 hi CD8 + T cells in tumors that received T reg cell and MDSC depletion therapy or isotype IgG. Data are presented as mean ± SD. Nonpaired Student's t test was used for statistical analysis; **, P < 0.01, ***, P < 0.001; n.s., not significant. All mouse experiments were repeated three times independently, using seven mice per experimental group. Representative data are shown. deficiency induced the conversion, expansion, and function of T reg cells and MDSCs, all of which significantly changed the makeup of the tumor-infiltrating immune cell content. As a direct-contact coculture study and an indirect coculture study using transwells yielded the same results, we compared the secreted cytokines between PANC-1-vector and PANC-1-EHF cells, which are critical in T reg cell and MDSC accumulation, by using qPCR. The downstream effects of EHF on TGFβ1 (TGFB1) and GM-CSF (CSF2) were the most significant among the cytokines that induce T reg cell and MDSC accumulation; this significant effect was further confirmed at the protein and mRNA levels in four stably transfected PDAC cell lines. We found several putative EHF binding motifs in the promoter regions of CSF2 and TGFB1. ChIP and dual-luciferase assays revealed that EHF directly bound to the promoter regions of TGFB1 and CSF2 to suppress transcription. Our study was the first to identify EHF deficiency as the primary molecular event that triggered T reg cell and MDSC accumulation in PDAC by directly regulating TGFβ1 and GM-CSF expression. TGF-β1 is an indispensable cytokine in fostering T reg cell accumulation, whereas T reg cells significantly suppressed CD8 + T cell function (Wörmann et al., 2014) . GM-CSF is a key cytokine in the induction of MDSC accumulation and is often overexpressed by PDAC cells. In turn, MDSCs suppressed the function of CD8 + T cells, preventing them (D) C57BL/6 mice were orthotopically injected with 5 × 10 5 luciferaseexpressing PANC02-vector cells or luciferase-expressing PANC02-EHF cells in Matrigel. Anti-PD1 antibody or isotype IgG was injected intraperitoneally three times a week (red plots represent time points of drug administration). Tumor growth was assessed by BLI at day 7 before treatment and at day 21 after six treatments. (E) Three representative bioluminescent images of the four groups on days 7 and 21 after tumor implantation. (F) Statistical analysis of the fold change of BLI after treatment (BLI on day 21 to BLI on day 7). ***, P < 0.001 by nonpaired Student's t test (n = 9 per group). (G) C57BL/6 mice were orthotopically injected with 1 × 10 6 luciferase-expressing PANC02-vector cells or luciferase-expressing PANC02-EHF cells in Matrigel. Anti-PD1 antibody or isotype IgG was injected intraperitoneally three times a week until death (red plots represent time points of drug administration). (H) Kaplan-Meier survival curves with log-rank test for significance between isotype control and anti-PD1 therapy (PANC02-vector control vs. PANC02-vector anti-PD1, P = 0.189; PANC02-EHF control vs. PANC02-EHF anti-PD1, P = 0.003). All mouse experiments were repeated three times independently, using six mice per experimental group in subcutaneous tumor model and nine mice per experimental group in orthotopic tumor model. Representative data are shown. Data are presented as mean ± SD. from recognizing and clearing transformed pancreatic ductal cells (Stromnes et al., 2014; Paschall et al., 2015; Sahin et al., 2017) . In our study, we found that TGFβ1 and GM-CSF were the main mechanisms for the function of EHF in tumor immune modulation. However, some other studies that focused on tumoral EHF may also hold important clues to its immune modulation functions. In prostate cancer, EHF deficiency induces stem-like properties by directly suppressing IL6 secretion (Albino et al., 2016b) . IL6 is a critical cytokine that can induce MDSC conversion and activation. In primary human bronchial epithelial cells, EHF depletion altered the expression of cytokines important for neutrophil migration (Fossum et al., 2017) . When TGFβ1 and GM-CSF were neutralized or genetically knocked down, the effect of EHF deficiency could be fully reversed. EHF overexpression achieved a similar effect of TGFβ1 and GM-CSF knockdown.
We used the combination of anti-CD25 and anti-Gr1 to deplete T reg cells and MDSCs. In PANC02-vector tumors, the tumor volumes were significantly inhibited by T reg cell plus MDSC depletion. In addition to changes in tumor volume, we also observed significant elevation in the proportion of tumorinfiltrating CD8 + T cells and a decrease in the apoptosis rate of CD8 + T cells. With depletion, the total percentage of PD1 + CD8 + T cells remained unchanged; however, the PD1 hi CD8 + T cell percentage was significantly decreased, and the PD1 int CD8 + T cell percentage was significantly elevated. The proportion of PD1 int CD8 + T cells was a determinant of anti-PD1 therapy efficacy; however, PD1 hi CD8 + T cells had a hyperexhausted phenotype that could not be reversed by anti-PD1 therapy . No significant difference was observed between PANC02-EHF-control and PANC02-vector depletion. As a result, we propose that elevated tumoral EHF may achieve a similar effect as T reg cell and MDSC depletion treatments. Drugs elevating tumoral EHF may also decrease both tumor-infiltrating T reg cells and MDSCs. Moreover, the proportion of tumorinfiltrating T reg cells and MDSCs in the PANC02-EHF group is already low. Thus, no significant efficacy of T reg cell plus MDSC depletion therapy was observed in PANC02-EHF tumor. EHF could be used as a marker predicting decreased tumor infiltration by T reg cells, MDSCs, and hyperexhausted CD8 + T cells but with an increasing accumulation of PD1 int CD8 + T cells. Treatment efficacy of anti-PD1 therapy was evaluated in PANC02-EHF tumors and PANC02-vector tumors using an orthotopic and subcutaneous tumor model of pancreatic cancer in immunocompetent C57BL/6 mice. The PANC02-EHF tumorbearing mice significantly benefited from anti-PD1 therapy; however, no significant difference was observed between PANC02-vector tumors that received anti-PD1 and those that received isotype IgG. EHF is a promising biomarker to identify patients who are suitable for single anti-PD1 treatment in our preclinical study.
Various combination regimens have been tested in preclinical studies in order to treat anti-PD1/PD-L1 resistance, and preliminary therapeutic effects have been achieved. For tumors enriched with T reg cells, T reg cell depletion combined with immune checkpoint inhibition can enhance the immune response, impair tumor growth, and prolong survival (Ueha et al., 2015; Taylor et al., 2017) . Similarly, when tumor trafficking of MDSCs was inhibited by anti-CXCR2 therapy, anti-PD1 treatment could induce significant anti-tumor effects (Highfill et al., 2014; Chesney et al., 2017; Najjar et al., 2017) . For tumor infiltration with T reg cells, MDSCs, or other immune suppression cells, a single anti-PD1/PD-L1 therapy may not be a wise choice. The subgroup with overexpressed EHF has relatively elevated numbers of PD1 int CD8 + T cells but decreased T reg cells and MDSCs, thereby indicating a relatively good response to single anti-PD1 therapy. For a tumor with EHF deficiency, a combined regimen of T reg cell plus MDSC depletion and anti-PD1 therapy could be considered. The identification of the function of tumoral EHF could potentially lead the way for anti-PD1/PD-L1 therapy to enter the era of precision medicine (Steuer and Ramalingam, 2018; Teng et al., 2018) .
There are some limitations in our study. In the tissue IF experiments of the 96-case retrospective cohort, we used only single markers for T reg cells (FOXP3) and MDSCs (CD33). To make up for the shortcomings of the single markers, we conducted a 45-case prospective cohort and tested the proportion of tumor-infiltrating immune cells by multiparameter flow cytometry. A large prospective cohort using multiparameter evaluation methods is still needed. Experiments using patientderived xenograft tumor models and clinical trials are still needed to verify our findings.
Our study is the first to identify that EHF transcriptionally inhibited the expression of TGFβ1 and GM-CSF, which are the two critical suppressive cytokines involved in the induction of T reg cells and accumulation of MDSCs. Tumoral EHF can be used as a promising biomarker to evaluate the immune microenvironment status of PDAC and to screen for patient response to anti-PD1 therapy.
Materials and methods
Patients and tissue samples Data from 96 patients who had received radical surgery R0 resection with histological diagnosis of PDAC at the Tianjin Medical University Cancer Institute and Hospital, China, from October 2010 to February 2013 were retrospectively collected in this study. Until the last follow-up date of January 30, 2015, 14 patients were lost to follow-up (14.58%). Clinicopathological data of the 96 consecutive PDAC patients, including age, sex, tumor size, regional lymph node status, TNM stage, and differentiation, were obtained. None of the patients had received neoadjuvant chemotherapy or radiotherapy before tissue samples were collected. Systemic gemcitabine-based chemotherapy was given to all the patients. From June 2016 to June 2017, 45 consecutive cases of fresh PDAC tissues were prospectively collected during operation. The tissue mass was cut into two parts: one was prepared into single-cell suspension for flow cytometry, and the other was used for IHC detection of EHF expression. The use of these specimens and patients' information was approved by the Ethics Committee of the Tianjin Medical University Cancer Institute and Hospital.
Cell culture and transfection Human PDAC cell lines PANC-1, AsPC-1, BxPC-3, and CFPAC-1 were obtained from the Type Culture Collection Committee of the Chinese Academy of Sciences. The murine PDAC cell line PANC02 was a gift from Prof. Shengyu Yang (Moffitt Cancer Center, Tampa, FL). The PDA cell line from KPC (LSL-Kras G12D/+ ; LSL-Trp53 R172H/+ ; Pdx-1-Cre) mouse was a gift from Dr. Tingbo Liang (Department of Surgery, the Second Affiliated Hospital, Zhejiang University, China). Cell lines were authenticated through the short tandem repeat analysis method. The KPC cell line was validated by RT-PCR to assess for Cre-mediated recombination of the mutant Kras and Trp53 alleles. Primer sequences to detect recombined Kras and Trp53 loci are as follows: Kras, forward 59-GTCTTTCCCCAGCACAGTGC-39 and reverse 59-CTCTTGCCTACGCCACCAGCTC-39; and Trp53, forward 59-AGC CTGCCTAGCTTCCTCAGG-39 and reverse 59-CTTGGAGACATA GCCACACTG-39. Mycoplasma contamination was excluded in these cell lines. Cells were cultured at 37°C in a humidified atmosphere of 95% air and 5% CO 2 with DMEM, RPMI-1640, or IMDM basic medium supplemented with 10% FBS as medium. KPC cell lines used for implantation studies were used at <10 passages.
Human EHF cDNA (NM_012153.5) was cloned into a pCDH plasmid expression vector (pCDH-EHF). pCDH vector was used as control . For mouse Ehf stable expression cell lines, mouse Ehf cDNA (NM_007914.3) was cloned into a pLV plasmid expression vector (pLV-Ehf). pLV vector was used as control. Lentiviral infections were performed according to standard procedures. For the stable knockdown cell lines, shRNA sequences were designed by Sigma-Aldrich shRNA designer (Table S5 ). Three recommended sequences for EHF genes were synthesized and cloned into the pLVi-shRNA-bsd Vectors (Biosettia). Blasticidin (InvivoGen) was added for selection. For the TGFB1/Tgfb1 stable knockdown pancreatic cancer cell lines, three recommended sequences for TGFB1/Tgfb1 genes were synthesized and cloned into the pLV-RNAi-Zeocin (Biosettia). Zeocin (InvivoGen) was added for selection. To generate murine pancreatic cancer cell lines with stable knockdown of Csf2, three shRNAs targeting murine Csf2 were designed and cloned into pLKO.1-Hygro (Addgene 24150). Hygromycin was added for selection. Scramble sequences were transfected to use as control. Among the three shRNA sequences, the most efficient one was used for relevant assays.
IHC IHC analysis of the PDAC tissue for EHF (Thermo Fisher Scientific; PA5-30716), FOXP3 (eBioscience; PCH101), CD33 (Abcam; ab199432), CD8 (ZSGB-BIO; ZA-0508), TGFβ1 (Abcam; ab92486), GM-CSF (Proteintech; 17762-1-AP) expression, TGFβ1 (Abcam; ab92486), and GM-CSF (Proteintech; 17762-1-AP) were performed using a DAB substrate kit (Maxin). The score was determined using the following criteria. The final staining scores were determined by multiplying the staining intensity scores by the staining extent scores. The final score ranged from 0 to 9. The staining intensity score was scored as 0, negative; 1, low; 2, medium; and 3, high. The staining extent score was scored as 0, 0% stained; 1, 1-25% stained; 2, 26-50% stained; and 3, 51-100% stained. Five random fields (100× magnification) were evaluated under a light microscope. IHC score was determined by two independent pathologists who were blinded to the patients' clinical features and outcomes.
Tissue IF Three sets of 96 sequential PDAC tissues were used for immunologic assessment of EHF and FOXP3/CD33/CD8 expression. Rabbit anti-human EHF in conjugation with goat antirabbit Alexa Fluor H555 (Invitrogen) and mouse anti-human FOXP3 (Abcam; ab22510)/mouse anti-human CD33 (Abcam; ab11032)/mouse anti-human CD8 (Abcam; ab199016) in conjugation with goat anti-mouse Alexa Fluor H488 (Invitrogen) were used.
Anti-fade DAPI (Southern Biotech) solution was employed to stain nuclei. Isotype controls were used for all assays. Slides were viewed with Leica microscopy. Tissue IF scores were determined by two independent pathologists who were blinded to the patients' clinical features, outcomes, and IHC score of EHF. Five random fields (200× magnification) were evaluated under microscope. FOXP3 + , CD33 + , and CD8 + cells in tumor stroma were used to represent T reg cells, MDSCs, and CD8 + T cells. T reg cells, MDSCs, and CD8 + T cells were counted under a microscope. T reg cells >20/HPF, MDSCs >10/ HPF, and CD8 + T cells >20/HPF were defined as T reg high, MDSC high, and CD8 + T cell high infiltration, respectively. EHF-positive cells/HPF was used to evaluate EHF expression. The count of EHF-positive points per field ranged from 0 to 251, mean ± SD 50.89 ± 65.04. EHF-positive cells/ HPF >50.89 was considered the EHF-high group; EHF-positive cells/HPF <50.89 was considered the EHF-low group. Furthermore, mean EHF intensity was quantified using Tissue-Quest software 6.0 (TissueGnostics). Tumor areas were manually outlined to exclude stromal nuclei. DAPI was used to identify nuclei. EHF was then measured on a cellnucleus-based mode. The mean EHF intensity ranged from 0.06 to 189.26, median 12.03, mean 39.74 ± 52.01. Mean EHF intensity >39.74 was considered the EHF-high group; EHF-positive cells/HPF <39.74 was considered the EHFlow group.
Flow cytometry
Harvested tumors were processed into the single-cell suspensions with 1 mg/ml collagenase, 2.5 U/ml hyaluronidase, and 0.1 mg/ml DNase. Human tumor-infiltrating CD8 + T cells (CD8 + ), T reg cells (CD4 + , CD25 + , and FOXP3 + ), MDSCs (HLA-DR − , CD33 + , and CD11b + ) were detected. Mouse tumor-infiltrating CD8 + T cells (CD3 + and CD8 + ), T reg cells (CD4 + , CD25 + , and FOXP3 + ), MDSCs (CD45 + , CD11b + , and Gr-1 + ), TAM (CD45 + CD11b + F4/80 + ), CD8 + T cell phenotype (IFNγ + , PD1 + , and Tim3 + ), and CD8 + T cell apoptosis (annexin V + and 7-AAD) were analyzed. For intracellular IFNγ staining, 1 × 10 6 cells were stimulated with PMA (5 ng/ml) and ionomycin (500 ng/ml; Sigma-Aldrich) in the presence of GolgiStop (BD Biosciences) for 4 h, followed by surface and intracellular staining. Isotype controls were used as negative controls. The data were analyzed using FCS Express 6. Related antibodies are listed in Table S6 .
Sorting of TIL subsets
A total of 1 × 10 6 PANC02 murine tumor cells were subcutaneously injected into each mouse to establish tumors. 21 d later, tumors were harvested sterilely and filtered through a 200-µm cell strainer. TILs were enriched through mouse lymphocyte separation medium (Dakewe Biotech; DKW33-R0100) according to the production protocol. TILs were labeled with CD8-APC (BioLegend; 100712) and PD1-PE (BioLegend; 135206) antibodies for CD8 + PD1 int and CD8 + PD1 hi cell sorting by flow cytometry.
In vitro functional restoration assay
To assess the restoration of the cytokine-secreting capacity of CD8 + PD1 int and CD8 + PD1 hi TILs, IFNγ-ELISPOT assay was performed according to the production protocol with 200,000 CD8 + T cells per well. 1 µg/ml anti-CD3, 5 µg/ml anti-CD28, and 100 IU/ml IL-2 were added in the presence of blocking antibodies for PD1 or isotype control. After 36-h culture, plates were developed. IFNγ spot-forming units (SFUs) were counted by ELISPOT reader. IFNγ + T cells were quantified by subtracting the mean IFNγ-SFUs in negative control wells from the mean SFUs in experimental wells and expressed as IFNγ-SFUs/10 6 cells. RPMI 1640 was used as the negative control.
To assess the restoration of the functional capacity of CD8 + PD1 int and CD8 + PD1 hi TILs, the isolated CD8 + PD1 int T cells and CD8 + PD1 hi T cells were labeled with Cell Trace Reagent CFSE. 2 × 10 5 CFSE-labeled CD8 + PD1 int T cells and CD8 + PD1 hi T cells were plated onto 24-well plates and stimulated with 1 µg/ml anti-CD3 and 5 µg/ml anti-CD28 in the presence of 10 µg/ml of blocking antibodies for PD1 or isotype control. IL-2 was added at a final concentration of 100 IU/ml. After 108 h of culture, the percentage of CD8 + T cell division was measured by assessing the CFSE dilution.
Human PBMC, CD8 + T cell, CD4 + CD25 − T cell, and CD4 + CD25 + CD127 dim/-T reg cell isolation and coculture system Human PBMCs were isolated from healthy donors by density gradient centrifugation over Ficoll Paque. CD8 + T cells, naive CD4 + T cells, and T reg cells were purified from PBMCs using CD8 + T Cell Isolation Kit (Miltenyi Biotec; 130-096-495), Naive CD4 T Cell Isolation Kit II (Miltenyi Biotec; 130-094-131), and CD4 + CD25 + CD127 dim/regulatory T cell isolation kit (Miltenyi Biotec; 130-094-775) under sterile conditions following the instructions of the manufacturer. Our analysis revealed a purity of >98% CD8 + T cells and CD4 + CD25 − T cells and a purity of >95% CD4 + CD25 + FOXP3 + T reg cells. Cell viability was checked by Trypan blue dye exclusion. Purified cells were cultured in the presence of 1 µg/µl anti-CD3, anti-CD28 (eBiosciences). 3 d after stimulation, cells were used for further experiments. In vitro T reg conversion assays, T reg proliferation assays, and MDSC conversion assays were conducted.
For the in vitro T reg conversion assay, 1 × 10 5 CD4 + CD25 − Foxp3 − T cells were cocultured with 5 × 10 5 tumor cells for 72 h in 1640 complete medium. TGF-β1 (R&D Systems) was used as positive control. Additionally, in blocking experiments, TGF-β1 was blocked by using anti-human TGF-β1 antibody (10 ng/µl; R&D Systems; AF-246-NA) with proven neutralizing activity. For the in vitro T reg proliferation assay, isolated T reg were stained with Cell Trace CFSE (eBioscience; 65-0850-84). Then, labeled T reg cells were cocultured with tumor cells at 5:1 for 72 h. Proliferation was assessed by measuring CFSE dilution by flow cytometry. For tumor-induced MDSC conversion assays, PBMCs were derived from healthy donors and cocultured with PDAC at a 5:1 ratio. After 6-d coculture, cells were collected and stained for markers consistent with MDSC phenotype. Related antibodies are listed in Table S6 .
Mouse BMDC, mouse CD8 + T cell, and MDSC isolation and coculture system For mouse BMDCs, femurs were obtained from 4-6-wk-old C57BL/6 mice, and bone marrow was flushed aseptically with RPMI medium using a syringe fitted with a 27-gauge needle. Mouse CD8 + T cells were isolated from mouse spleen using a CD8 + isolation kit (Miltenyi Biotec; . MDSCs were isolated from spleens of tumor-bearing mice using a mouse MDSCs isolation kit (Miltenyi Biotec; . Cell purity was checked by flow cytometric analysis using anti-CD11b and Gr-1 antibodies (>95%), and cell viability was checked by Trypan blue dye exclusion. The resulting cells were cultured using RPMI medium supplemented with 10% FBS at 37°C, 5% CO 2 , and used for further tumor-induced MDSC conversion, MDSC expansion, and MDSC function assays.
For the mouse tumor-induced MDSC conversion assay, BMDCs were derived from healthy 4-6-wk-old C57BL/6 mice and cocultured with PANC02-vector/PANC02-EHF. After 6-d coculture, cells were collected and stained for CD45, CD11b, and Gr-1. For mouse MDSC expansion assays, isolated MDSCs were stained with CFSE. Then, labeled MDSCs were cocultured with PANC02-vector/PANC02-EHF at 5:1 for 72 h. Proliferation was assessed by measuring CFSE dilution by flow cytometry.
T cell suppression assay
Isolated human or mouse CD8 + T cells were labeled with CFSE. The labeled CD8 + T cells were then plated onto 24-well plates and stimulated with 1 µg/ml anti-CD3 and 5 µg/ml anti-CD28. Purified suppressor cells (i.e., mouse bone marrow-derived MDSCs or human CD4 + CD25 + CD127 dim T regs) were cultured in RPMI 1640 (10% FBS) with 2 × 10 5 CFSE-labeled CD8 + T cells at 1:5 at 37°C. The proportion of CD8 + T cell proliferation was measured by assessing dilution of the CFSE by flow cytometry after 72 h of coculture.
RT-PCR
Total RNA was extracted from cells using TRIzol and converted to cDNA using TaqMan reverse transcription reagents. qPCR was performed using SYBR Green master mix. The products of semiquantitative PCR were detected by agarose gel electrophoresis, and β-actin was used as loading control. Primers are listed in Table S7 .
Western blotting
Target proteins were detected by Western blotting with the following primary antibodies: anti-EHF (Lifespan; LS-B11884, 1:1,000), anti-TGFβ1 (Abcam; ab92486, 1:2,000,), anti-GM-CSF (Proteintech; 17762-1-AP, 1:1,000), and anti-β-tubulin (Abmart; 1:5,000). Secondary antibodies were goat anti-rabbit or mouse antibody at 1:5,000 dilution (Abmart).
ELISA PDAC cell lines (2 × 10 6 cells) were implanted in 6-well plates and cultured for 72 h, and the conditioned medium was collected after centrifugation at 700 g for 5 min at 4°C. TGFβ1 and GM-CSF protein were quantified using TGFβ1 and GM-CSF ELISA kit (R&D Systems) according to the manufacturer's instructions. The same culture medium was used as control to adjust zero.
ChIP and luciferase analysis
ChIP assays were performed using a ChIP kit (Millipore), according to the manufacturer's instructions. Briefly, EHF stably transduced PANC-1 cells were immunoprecipitated with anti-EHF antibody (Thermo Fisher Scientific; PA5-30716). The immunoprecipitated products were detected by RT-PCR. For luciferase analyses, PANC-1 cells transfected with pCDH-EHF or control vector (pCDH-vector) were transfected with the following vectors: pGL3-TGFB1-EBS (WT), pGL3-TGFB1-EBS1-mutation, pGL3-TGFB1-EBS2-mutation, pGL3-TGFB1-EBS1+2-mutation, pGL3-CSF2-EBS (WT), pGL3-CSF2-EBS1-mutation, pGL3-CSF2-EBS2-mutation, pGL3-CSF2-EBS1+2-mutation, and pGL3-empty vectors (pGL3.1 EV). 48 h later, cells were subjected to dual luciferase analyses. The results were expressed as fold induction relative to the cells transfected with the control vector after normalization to renilla activity. Primers are listed in Table S7 . Sequences of all the vectors used for luciferase analysis are listed in Table S8 .
Animals and tumor model
Female 4-6-wk-old BALB/c nude mice and C57BL/6 immunocompetent mice were purchased from Vital River Company. All mice were maintained in specific pathogen-free conditions, and animal experiment procedures were approved by the Ethics Committee of Tianjin Medical University Cancer Institute and Hospital, in compliance with the principles and procedures of the NIH Guide for the Care and Use of Laboratory Animals.
All groups were randomly divided. A total of 1 × 10 6 or 5 × 10 5 tumor cells were subcutaneously or orthotopically injected into each mouse to form tumors. For the subcutaneous tumor model, tumor growth was monitored using a caliper and calculated by the following formula: volume = 1/2 L1 × (L2) 2 , where L1 is the long axis and L2 is the short axis of the tumor. For the orthotopic tumor model, tumor growth was analyzed by BLI. The orthotopic model was established using a Matrigel plug containing PANC02-vector-luc (luciferase expressing), PANC02-EHF-luc, KPC-vector-luc, and KPC-EHF-luc cell lines.
In vivo TGFβ1 and GM-CSF neutralization within the local tumor microenvironment PANC02-vector or PANC02-EHF cells in a Matrigel plug containing neutralizing anti-GM-CSF mAb and anti-TGFβ1 mAb (vs. isotype IgGs as a control) were injected subcutaneously into the flanks of C57BL/6 mice to allow for GM-CSF and TGFβ1 neutralization within the local tumor microenvironment. 8 d later, TGFβ1 and GM-CSF antibody or isotype IgG (20 µg/mouse) were intratumorally injected twice a week.
In vivo T reg plus MDSC depletion efficacy study Efficacy of T reg plus MDSC depletion was evaluated in PANC02vector and PANC02-EHF, respectively. Mice were randomly divided into PANC02-vector and PANC02-EHF groups. 1 × 10 6 PANC02-vector or PANC02-EHF cells were injected subcutaneously in the flank of C57BL/6 mice of indicated group. 7 d after tumor cell inoculation, mice in the PANC02-vector group were randomized into PANC02-vector-control group and PANC02vector-depletion group; mice in the PANC02-EHF group were randomized into PANC02-EHF-control group and PANC02-EHFdepletion group. Anti-CD25 Abs (BioXcell; PC61) combined with anti-Gr1 Abs (BioLegend; 108414, RB6-8C5) or combined isotype IgG were intraperitoneal injected (200 µg per mouse twice a week). Tumors were harvested at day 28 after implantation.
In vivo anti-PD1 efficacy study Mice were randomly divided into PANC02-vector and PANC02-EHF groups. 1 × 10 6 PANC02-vector (PANC02-vector-luc) or PANC02-EHF (PANC02-EHF-luc) cells were injected subcutaneously in the flank of C57BL/6 mice (or orthotopically at pancreas) of the indicated group. 7 d after tumor inoculation, mice in the PANC02-vector group were randomized into PANC02vector-control group and PANC02-vector-anti-PD1 group; mice in the PANC02-EHF group were randomized into PANC02-EHFcontrol group and PANC02-EHF-anti-PD1 group. Subcutaneous and orthotopic tumor-bearing mice were treated by PD1 blockade antibody (GoInVivo; RMP1-14) or isotype IgG via intraperitoneal injection. For the subcutaneous tumor model, mice were treated with anti-PD1 or isotype IgG intraperitoneally twice a week at 200 µg/mouse. Tumor volume were measured every 4 d using a caliper. For the orthotopic tumor model, mice were treated with anti-PD1 or isotype IgG intraperitoneally three times each week at 200 µg/mouse. The tumor loads were evaluated at day 7 (before therapy) and at day 21 (after six treatments) by BLI. The OS of each mouse was recorded.
Statistical analyses
Statistical analyses were performed using SPSS software version 21.0. Each experiment was conducted independently at least three times. Data are presented as mean ± SD (square deviation). The variance between the groups was compared. Student's t test was used to compare the mean values. Median survival was estimated using the Kaplan-Meier method, and the difference between survival curves was tested by the log-rank test. Spearman rank correlation analysis was used to determine the correlation between parameters. Repeated measure two-way ANOVA (time × tumor volume) and post hoc analyses were used to test mouse tumor growth between groups. P < 0.05 was considered significant. All experimental data were verified in at least three independent experiments. The shRNA sequences, antibodies, and primers used in this investigation are listed in Tables S5, S6 , S7, and S8.
Online supplemental material Fig. S1 shows the different effects of EHF on tumor growth in immune-competent and immune-deficient hosts. Fig. S2 shows the prognostic value of EHF. Data were based on EHF objective IF score and IHC assays. Fig. S3 shows results from an additional mouse model using KPC-vector and KPC-EHF cell lines. Fig. S4 shows the in vitro coculture results from other pancreatic cancer cell lines (AsPC-1 and CFPAC-1). Fig. S5 shows in vitro and invivo blocking experiments using cell lines with genetic knockdown of TGF-B1 and CSF2. Table S1 shows the Cox proportional hazards analysis of clinicopathological factors for OS and RFS (data were based on IF assay; analyses were made using mean intensity of EHF evaluated by software). Table S2 shows the correlation of EHF expression to clinicopathological features (data were based on IF assay; analyses were made using mean intensity of EHF evaluated by software). Table S3 shows the Cox proportional hazards analysis of clinicopathological factors for OS and RFS (data based on IHC assay). Table S4 shows the correlation of EHF expression to clinicopathological features (data based on IHC assay). Table S5 shows shRNA sequences for stable knockdown cell lines. Table S6 shows antibodies for flow cytometry used in this study. Table S7 shows primers used for qRT-PCR and ChIP in this study. Table S8 shows sequence of the vectors for luciferase analysis.
